this protocol describes how to image the trafficking of glutamate receptors around excitatory postsynaptic membrane formed on an adhesion protein-coated glass surface. the protocol was developed to clarify how receptors move during the induction of synaptic plasticity. Dissociated neurons are cultured on a coverslip coated with neurexin, which induces the formation of postsynaptic membrane-like structures on the glass surface. a glutamate receptor tagged with a fluorescent protein is then transfected into neurons, and it is observed with total internal reflection fluorescence microscopy. the whole process takes about 3 weeks. changes in the amount of cell-surface receptors caused by neuronal activities can be quantified, and individual exocytosis events of receptors can be clearly observed around the pseudo-postsynaptic membrane. this protocol has potential applications for studies of movements of membrane proteins around other specialized regions of the cell membrane, such as the inhibitory postsynaptic membrane, the presynaptic membrane or the immunological synapses.
IntroDuctIon
Information transmission between neurons occurs at synapses. There, a presynaptic neuronal terminal secretes a transmitter molecule such as glutamate, which binds to a receptor protein on the postsynaptic membrane and induces a postsynaptic response. Postsynaptic membrane accumulates not only receptors but also large numbers of proteins, including scaffold proteins and enzymes, that form a protein-dense specialization called postsynaptic density (PSD) 1, 2 . The efficiency of synaptic transmission changes depending on the pattern of neuronal activity [3] [4] [5] [6] . For example, at excitatory glutamatergic synapses in the hippocampus, high-frequency activation of presynaptic neurons causes long-lasting enhancement of the synaptic transmission. This longterm potentiation (LTP) has been regarded as a cellular basis of learning and memory. Synaptic plasticity has also been suggested to be involved in addiction and in neurological and psychiatric disorders 7, 8 . An increase in the number of AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)-type glutamate receptors (AMPA receptors) in PSD is a critical mechanism in LTP [3] [4] [5] . However, there are several types of AMPA receptors, and how each type of AMPA receptor contributes to the changes in PSD during LTP has remained unclear. Our research is focused on how each AMPA receptor reaches the PSD of neurons during LTP, and we approached this question by attempting to visualize AMPA receptor movements around PSD.
Visualizing receptors around the postsynaptic membrane
The number of AMPA receptors at PSD can be increased by exocytosis from endoplasmic reticulums or from recycling endosomes, and/or by lateral diffusion on the plasma membrane 4 . Observation of postsynaptic receptors labeled with a quantum dot demonstrated the receptors' lateral diffusion on the plasma membrane [9] [10] [11] , although this method has not been shown to be useful for detecting receptor exocytosis. Exocytosis of AMPA receptors fused to a fluorescent protein has been observed by using total internal reflection fluorescence microscopy (TIRFM), confocal microscopy and two-photon microscopy [12] [13] [14] [15] .
TIRFM selectively excites fluorophores that are localized very close to a glass surface, thus reducing the background fluorescence. In TIRFM, the intensity of the excitation light decreases exponentially from the glass surface, with a small length constant of ~100 nm (refs. 16,17) . Thus, TIRFM enables one to observe the translocation of a specific molecule tagged with a fluorescent protein with a very high signal-to-noise ratio. One problem with using TIRFM to observe postsynaptic receptors had been that most synapses are not within the narrow TIRFM visualization zone. Even if they are, PSD is usually not formed parallel to the glass surface beneath cells, which makes it difficult to precisely quantify the receptor density at PSD. Therefore, we attempted to form PSD directly on a glass surface to precisely study the amount and movement of receptors in and around PSD 18 .
Development of the protocol
It has been reported that neurexin (NRX), a type of synaptic adhesion molecule expressed in presynaptic nerve terminals, contributes to synapse formation and maturation through binding to postsynaptic neuroligin (NLG) [19] [20] [21] . It has also been demonstrated that NRX expressed in non-neuronal cells or attached to beads triggers the differentiation of PSD 20 . In addition, there are reports that used TIRFM to show the interaction between a protein tagged with a fluorophore and a molecule coating a glass surface [22] [23] [24] . Such studies prompted us to test the idea that PSD might be formed on a glass surface coated with NRX, and that TIRFM analysis of such PSD might be used to clarify the trafficking of AMPA receptors around PSD during LTP 18 .
To test this, we coated a thin cover glass with NRX fused to the human immunoglobulin Fc region by sequential binding between the glass and biotinylated BSA, followed by streptavidin, and then biotin-conjugated anti-human Fc, and finally NRX-Fc (Figs. 1-3) . Next, hippocampal neurons were cultured on the coated glass, and expression vectors for NLG, PSD95 (a marker protein of postsynaptic membrane) 1,2 and/or an AMPA receptor subunit were transfected into the neurons (Fig. 4) . When we examined these cultures using TIRFM, we found postsynaptic-like membrane (PSLM) expressing PSD95 fused to EGFP (PSD95-EGFP) located immediately above the glass surface. This PSLM was not accompanied by vesicular glutamate transporter 1 (VGLUT1, a marker protein of glutamatergic presynaptic terminals) (Fig. 4b, arrows) . The cultures also contained normal synapses expressing both PSD95-EGFP and VGLUT1, which were observed using conventional fluorescence microscopic conditions but rarely with TIRFM, i.e., most of them were not located immediately above the glass surface (Fig. 4b,  arrowheads) . The NRX coating clearly increased the number of PSD95-positive areas observed with TIRFM (Fig. 5) .
When one type of AMPA receptor subunit, GluA1, fused to super-ecliptic pHluorin (GluA1-SEP) and PSD95 fused to TagRFP (PSD95-RFP) were co-expressed in the cultured neurons, GluA1-SEP signals were observed in both PSLM and non-PSLM when examined with TIRFM (Fig. 4c) . PSLM was formed both on dendritic shafts and on spines (Fig. 4c , white and yellow arrows, respectively). SEP is a pH-sensitive variant of EGFP that emits little fluorescence when it is in cytoplasmic vesicles at low pH (ref. 25) , and thus SEP improves the selective detection of fluorescence from cell surface molecules. By using this method, we demonstrated quantitative changes of the amounts of different types of AMPA receptors, and we counted the number of AMPA receptor exocytosis events inside and outside of the PSLM; we also obtained results suggesting that different types of AMPA receptors increased in PSD through distinct pathways during LTP 18 . Since that study, we have improved the method to develop a protocol in which dual-color live-cell imaging of fluorescent proteins is possible and the photobleaching of fluorescent proteins is reduced.
Experimental design
The procedure includes the following main stages: purification of NRX, preparation of coverslips, coating of glass coverslips with NRX, preparation of neuronal culture on the coverslips, cDNA transfection, live-cell imaging and analyses. Among them, purification of NRX, preparation of coverslips and data analyses can be performed independently of the other processes, because the materials can be stored for several months and analyses are performed off-line. The general methods for the preparation of hippocampal neuronal cultures are based on those described elsewhere 26 . It is important to note that it is necessary to wait for 10-16 d after preparation of the neuronal culture before the transfection of cDNA into neurons. The general methods for using TIRFM have been described elsewhere 27, 28 . Fluorescence intensity of SEP signal is measured in both PSLM and non-PSLM. Stimulation. In this protocol, electrical stimulation rather than application of chemicals has generally been used to induce LTP. This improves the time resolution of detection of LTP-related events, because the electrical stimulation is transient. Application of chemicals can also induce LTP in such cultures 12, 14, 18, 29 , and actually chemical induction is more easily performed because it does not require a stimulator or electrodes, and it can stimulate all cells in the chamber, although the accuracy of timing is reduced. Thus, if one is interested in relatively slow events, LTP induction by application of chemicals seems more appropriate, whereas if one is interested in fast events, induction of LTP by electrical stimulation might be better. The timing of the onset of LTP might differ depending on the position of synapses on the glass coverslip during chemical induction, because a certain amount of time is required until the concentrations of chemicals become uniform throughout the test chamber. Moreover, several minutes are needed to wash out the inducing chemicals. The use of electrical stimulation might have helped to enable the detection of PSLM-specific exocytosis of a particular type of AMPA receptor, GluA1 homo-tetramer, in our previous study 18 . However, we note that some cells located outside of the electrical field might not be effectively stimulated. The area stimulated by electrical stimulation can be examined by monitoring intracellular Ca 2+ concentration with Ca 2+ -sensitive dyes such as Fura-2 or 
Merits and limitations of the protocol
The present protocol enables the recording of quantitative changes of receptors in the PSLM with high temporal resolution and with a high signal-to-noise ratio. A whole PSLM on a glass surface should be in a single plane parallel to the objective lens, to enable accurate quantitative evaluation of the fluorescence signal intensity per unit area of the PSLM. The signal-to-noise ratio of an image captured with TIRFM is excellent, because the TIRFM visualization zone is just above the glass surface and is very narrow. Thus, the formation of PSLM on the glass seems to facilitate the detection of direct postsynaptic delivery of GluA1 via exocytosis by increasing the number of PSDs that can be clearly observed with TIRFM 18 (Fig. 5) .
The protocol has certain limitations. First, PSLM might be different from native PSD in some respects, although the presence of PSD marker proteins such as PSD95 and Homer 1,2 , and the rapid increase of a type of AMPA receptor subunit, GluA1, in PSLM during LTP suggest that PSLM retains essential properties of PSD 18 . Second, flickering and relatively fast photobleaching of fluorescent proteins prevent stable long-term recording, and they make it difficult to trace the movement of a single molecule for a long time. Thus, for such tracing, labeling receptors with quantum dots seems to be more appropriate [9] [10] [11] . However, we note that exocytosis has not been observed with quantum dots in previous studies. Another limitation of the present protocol is that fluorescence signals from outside of the PSLM cannot be accurately quantified. This is because the distance between the cell membrane and the glass surface might vary in non-PSLM that lacks interaction between NRX and NLG. Thus, weak signals in the non-PSLM might possibly be due to a long distance between the cell membrane and the glass surface rather than to a low level of labeled molecule in the non-PSLM. We also note that TIRFM does not have the best horizontal spatial resolution compared with other fluorescence microscopy techniques. Recent improvements in super-resolution microscopy methods such as stimulated emission depletion (STED) microscopy 31, 32 , structured illumination microscopy (SIM) 33 and stochastic optical reconstruction microscopy (STORM) [34] [35] [36] /photo-activated localization microscopy (PALM) [37] [38] [39] have made it possible to obtain images with higher spatial resolution. Each of these methods has particular merits and limitations, such as spatial or time resolution, cost and so on 40, 41 . A combination of the current protocol for PSLM formation and a super-resolution microscopy method might further improve the quality of some data. plasticity, and also in disease conditions. For example, effects of β-amyloid, a causative molecule of Alzheimer's disease, on glutamate receptor trafficking could be studied 7 . It could also be useful for future studies on inhibitory synaptic proteins, as previous studies have shown that interaction between some types of NRX and NLG can induce inhibitory postsynaptic differentiation 20, 42 . The use of αNRX-or βNRX-containing splice insertion 4 instead of βNRX without splice insertion 4 might facilitate the formation of inhibitory postsynaptic membrane. The protocol might also be applied to the presynaptic membrane of neurons 43 . It is known that NLG triggers presynaptic differentiation through binding to NRX 19 . Thus, presynaptic membrane could be formed on a glass surface coated with NLG, and molecular regulatory processes of Ca 2+ -dependent exocytosis of transmitters could then be studied. Finally, the protocol might also be applied to analyses of plasma membrane-bound proteins in and around non-neuronal specialized membrane regions such as immunological synapses 44 , desmosomes and adherens junctions 45, 46 , provided that the critical extracellular domains of the relevant proteins bound to a glass surface can induce the formation of the membrane specializations. Multiple comparison by one-way ANOVA followed by Tukey-Kramer post hoc test detected significant differences (***P < 0.001, n = 11, 10, 6, respectively). REAGENT SETUP HEK cell culture medium Mix 178 ml of DMEM, 20 ml of ultralow-IgG FBS (10×) and 2 ml of penicillin-streptomycin (100×). Store the medium at 4 °C and use it within 2 months. Buffer A Add 3.73 g of KCl (100 mM), 2.98 g of HEPES (25 mM) and 0.51 g of MgCl 2 (5 mM) to ultrapure water, and adjust the pH to 7.4 with 1 M KOH so that the total volume becomes 500 ml. Sterilize the solution with a 0.22-µm bottle-top filter, store it at 4 °C and use it within 2 months. Protease inhibitor solution Dissolve the powdered product by adding 1 ml of ultrapure water to make a 100-times concentrated stock solution. Store the solution at −20 °C and use it within 3 months. Glycine solution, 100 mM Add 3.75 g of glycine to ultrapure water, and then adjust the pH to 2.6 with 6 M HCl so that the total volume becomes 500 ml. Store the solution at 4 °C and use it within 6 months. Tris solution, 1 M Add 12.1 g of Tris to ultrapure water and adjust the pH to 9.0 with 6 M HCl so that the total volume becomes 100 ml. Store the solution at 4 °C and use it within 6 months. PBS Dissolve 10 phosphate-buffered salt tablets in 1,000 ml of ultrapure water. Autoclave the solution for 20 min at 120 °C, store it at room temperature (22-26 °C) and use it within 6 months. (1 mM) to ultrapure water; adjust the pH to 7.3 with 1 M KOH so that the total volume becomes 500 ml. Store the solution at 4 °C and use it within 6 months. pCAGplay vector (CAG promoter) pCAGplay was constructed using pDisplay, and the pCAGGS vector 47 in our laboratory 48 . pCAGEN (Addgene, Plasmid 11160) can be used instead of pCAGplay. NRX-Fc expression vector Human immunoglobulin-Fc region was fused to the C terminus of the extracellular domain of rat neurexin1β without splice insertion 4 using PCR amplification, as described previously 20 , and then NRX-Fc was inserted into the pCAGplay vector. The extracellular domain of human NRX1β without splice insertion 4 cDNA is similar to rat NRX1β cDNA, and the former can be obtained from Origene (cat. no. SC120579). Replacing the 19-24th amino acids GGGGGG of human NRX1β by SS produces the rat NRX1β amino acid sequence. Human IgG1 Fc cDNA can be obtained from InvivoGen (cat. no. pfuse-hg1fc1). NLG-HA expression vector An HA-tag (YPYDVPDYA) was fused to the N terminus of rat neuroligin1 without splice insertion A by using PCR amplification, as described previously 19 . Then, NLG-HA was inserted into the pCAGplay vector. Rat NLG1 with splice insertion A cDNA can be obtained from Origene (cat. no. RN200719). PSD95-EGFP expression vector PSD95-EGFP expression vector, in which rat PSD95 cDNA had been inserted into pEGFP-N1 vector (Clontech, cat. no. 6085-1), was a generous gift from Professor S. Okabe (Tokyo University, Tokyo). Rat PSD95 cDNA can be obtained from Origene (cat. no. RN209927). PSD95-RFP expression vector Rat PSD95 was inserted into the pTagRFP-N vector. GluA1-SEP expression vector SEP was fused to the N terminus of rat GluA1 (flop) by using PCR amplification, as described previously 49 . Next, GluA1-SEP was inserted into pTagRFP-N vector after deleting the TagRFPcoding region. Rat GluA1 and SEP cDNAs can be obtained from Origene (cat. no. RN201958) and Addgene (Plasmid 32001), respectively. EQUIPMENT SETUP Coverslip holder The coverslip holder consists of two custom-made pieces of acryl designed for use in imaging experiments on cultured cells with TIRFM ( Fig. 6) . A glass coverslip on which neurons have been cultured is placed between the two pieces of acrylic holders. A rubber O-ring made of Viton set into the upper piece prevents leakage of the external solution from the chamber, and platinum wires attached to the upper piece are used for electrical field stimulation. High-frequency mechanical shutter The image-recording setup consists of a TIRFM instrument built on an inverted microscope, 488-nm and 561-nm lasers, shutters, shutter controllers, an EM-CCD camera, an electrical stimulator connected to a stimulus isolation unit and a programmable pulse generator (Fig. 7) . The shutter controller sends a signal to open the shutter for any desired duration >8 ms. A pulse generator sends trigger signals to shutter controllers and to an EM-CCD camera, so that each laser beam line is opened and the image capture is started, respectively. It also sends a trigger signal to a stimulator so that LTP-inducing electrical stimulation (~20 V cm −1 , 1 ms duration, 50 Hz, 300 pulses) is applied through a stimulus isolation unit. Image data are sent to a computer equipped with MetaMorph software, and they are processed and analyzed. Dual-color TIRFM imaging systems are commercially available (Photometrics, DV2 or DC2, or Vincent Associates, LS6T2). 1| Transfect 70% confluent HEK 293T cells (10 ml of medium per 92-mm or 100-mm dish for three times) with a plasmid containing cDNA of NRX tagged with Fc (NRX-Fc) in accordance with the manufacturer's protocol for Lipofectamine LTX, and keep the transfected HEK cells for 2 d in a CO 2 incubator (37 °C, 5% CO 2 ) (Fig. 3) . NRX-Fc is the extracellular domain of rat neurexin1β fused to Fc. Therefore, transfected HEK cells secrete NRX-Fc into the culture medium.
Future applications

MaterIals
REAGENTS
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •
2|
Collect the medium from culture dishes (culture medium; should be 30 ml in total), place it into a 50-ml centrifuge tube and centrifuge it at 3,000g for 10 min.
3|
Transfer the supernatant into another tube, and add 100 µl of Protein A-Sepharose and 300 µl of protease inhibitor solution.
4|
Incubate the tube on a horizontal rotation machine (rotation speed, 23 r.p.m.) for 8-24 h, so that Fc binds to Protein A-Sepharose.
5|
Pour the solution into a column with a filter plate and wait until the solution flows down.
6|
Wash the column with PBS (30 ml, twice).
7|
Add 400 µl of 100 mM glycine solution (pH 2.7) to the column and elute the NRX-Fc. 
12|
Wait until the solution is soaked into the membrane, and air-dry it for about 1 h.
13|
Wash the membrane with PBST for 3-5 min.
14| Add 6 ml of skim milk/PBST (5% (wt/vol)) to the dish as a blocking solution in order to reduce background or nonspecific staining, and incubate it for 30 min.
15| Wash the membrane with PBST (twice for 3-5 min each time).
16| Add 2 µl of HRP-conjugated anti-human IgG to 6 ml of skim milk/PBST and incubate it for 1 h.
17| Wash the membrane with PBST (three times for 3-5 min each time).
18| Mix 3 ml of Luminol/enhancer solution and 3 ml of stable peroxide solution (reagents included with chemiluminescent HRP substrate), and incubate the membrane in the mixed solution for 2 min.
19|
Detect chemiluminescence by using an image analyzer, and then estimate the density of NRX-Fc compared with that of a reference (human IgG Fc). The recommended exposure time in an image analyzer is 15 s, although optimal exposure time may vary.  pause poInt NRX-Fc can be stored in a deep freezer (−80 °C) for up to several months.
preparation of sterilized coverslips • tIMInG 3 d  crItIcal
Steps 20-25 should be performed at room temperature unless otherwise noted.
20|
Incubate glass coverslips in 1.38 g ml −1 nitric acid for 12-36 h. ! cautIon Nitric acid has a deleterious and irritating odor. We recommend that this step be performed in a clean fume food.  crItIcal step Mix the solution gently several times during incubation.
21|
Wash the coverslips with ultrapure water (1 min for ten times).
22| Check the pH. If the pH is not neutral, wash the coverslips several times more and check the pH again.
23|
Incubate the coverslips in ultrapure water for 12-36 h on a shaker.
24|
Wash the coverslips with ultrapure water (3-5 min, twice), and air-dry them.
25|
Sterilize the coverslips at 200 °C for 2 h in an oven.  pause poInt Dried sterile coverslips can be stored in a tightly covered sterile container for several months.
coating glass surface with nrX • tIMInG 2 d  crItIcal Steps 26-34 should be performed at room temperature unless otherwise noted.
26|
Place each sterilized glass coverslip into a well of a 12-well plastic plate.
27|
Incubate the coverslips in buffer A containing 43 µM biotinylated BSA at 4 °C for 8-24 h.
28|
Wash the coverslips with buffer A (3-5 min for three times).
29|
Incubate the coverslips in buffer A containing 17 µM streptavidin for 1 h on a shaker.
30| Wash the coverslips with buffer A (3-5 min for three times).
31| Incubate the coverslips in buffer A containing biotin-conjugated anti-human IgG (1:100) for 1 h on a shaker.
32| Wash the coverslips with buffer A (3-5 min for three times).
33| Incubate the coverslips in buffer A containing 3-5 µg ml −1 NRX-Fc for 5 h on a shaker.
34| Wash the coverslips with buffer A (3-5 min for three times). Check that the coverslips are coated with NRX, as described in Box 1 (see also supplementary Fig. 1 ).
? trouBlesHootInG preparation of hippocampal neuronal culture on the nrX-coated glass • tIMInG 3 h  crItIcal Steps 35-47 are performed at room temperature unless otherwise noted.
35|
Remove buffer A from each well of a 12-well dish containing an NRX-coated glass coverslip. Add water for cell culture (Sigma-Aldrich) containing 0.2 mg ml −1 poly-d-lysine into each well, and then incubate the dish at 37 °C for 1-12 h.
36|
Wash the coverslips with water (3-5 min, three times).
37| Add 1 ml of neuronal culture medium containing 25 µM l-glutamate into each well at 37 °C.
38|
Carefully dissect out 6-8 hippocampi from rat embryos (embryonic day (E) 20), remove the meninges and transfer the hippocampi into 2 ml of CMF on ice.
39| Add 200 µl of 2.5% (wt/vol) trypsin to the CMF. Mix the solution and incubate the tissue in the trypsin-containing CMF at 37 °C for 10 min.
40|
Remove the supernatant and wash the hippocampi with 5 ml of CF (30 s three times) to remove residual trypsin.
41|
Triturate the tissue gently 5-10 times with a fire-polished Pasteur pipette (diameter ~0.8 mm) in CF with 90 µl of DNase/HBSS. Triturate again 5-10 times with a fire-polished pipette with a smaller tip (diameter ~0.6 mm) so that all cells are dispersed.
? trouBlesHootInG
42|
Centrifuge the cells at 150g for 5 min at room temperature.
43|
Remove the supernatant and resuspend the cells in 2 ml of prewarmed (37 °C) neuron culture medium.
44| Take 10 µl of the culture medium containing neurons and add 10 µl of 0.5% (wt/vol) trypan blue/PBS to stain dead cells. Count the number of living cells by using a hemocytometer, and then calculate the cell density of living cells.
45|
Add the culture medium containing neurons into each well of the 12-well plate containing coated coverslips so that the cell density will be 24,000-30,000 cells per cm 2 . Incubate the cultures in a CO 2 incubator for 2 d. Usually, 12 wells can be plated with cells prepared from one embryo.
46|
Remove about half of the supernatant from dishes and add about the same volume of fresh prewarmed medium (days in vitro (DIV) 2). Incubate the cells for 3 d. Fig. 1 ) 18 . Standard immunofluorescence staining protocols can be found elsewhere 51, 52 .
Note that coverslips mounted with the ProLong antifade kit (Molecular Probes, no. P7481) cannot be observed with TIRFM, because the medium prevents the total reflection of the laser light.
51|
Add the mixed solution (60 µl per well) to each well of a 12-well plate containing neurons cultured in 1 ml of neuronal culture medium with B27 supplement, l-glutamine and penicillin-streptomycin. Incubate the cells for 1-2 d. ! cautIon Neurons survive in the neuronal culture medium containing Lipofectamine and plasmids. Replacing a large portion of neuronal culture medium with fresh medium may cause substantial damage to neurons.  crItIcal step Overexpression of proteins could affect the results. For example, it was reported that PSD95 overexpression suppresses LTP 50 . In the current protocol, the level of PSD95 overexpression is kept relatively low, and LTP-relevant movements of GluA1 can be observed 18 . The level of overexpression should be kept within a certain range, by choosing an appropriate promoter or amount of cDNA. We also note that overexpression of NLG strongly facilitates the formation of PSLM (Fig. 5) .
live-cell imaging with tIrFM • tIMInG 30-60 min for each recording  crItIcal Steps 52-55 should be performed at room temperature.
52|
Tightly hold a glass coverslip with cultured neurons in an experimental acrylic chamber (Fig. 6) .
53|
Place the chamber on a stage of a TIRFM instrument and connect platinum electrodes to the outputs of a stimulus isolation unit connected to an electrical stimulator (Fig. 7) . If you use chemical stimulation, skip this step.
54|
Drop immersion oil on an ×100 objective lens and adjust the lens position. Next, find a target area containing dendrites expressing AMPA receptor tagged with SEP and PSD95 tagged with TagRFP (PSD95-RFP), and then optimize the focus, intensity and incidence angle of TIRFM excitation lasers. In our system, the Argon-ion 488-nm laser intensity just above the ×100 objective lens is 4.17 mW, the Sapphire 561-nm laser intensity is 4.43 mW and the incidence angle is set between 67° and 71°.  crItIcal step The optimization procedure should be performed as quickly as possible to minimize photobleaching of fluorescent proteins.
55| Acquire images with TIRFM by using MetaMorph software before and after application of electrical field stimulation to induce LTP. We use the following four recording conditions, depending on the aim of each experiment: option A for long-term low-frequency recording; option B for short-term high-frequency recording; option C for intermediate recording; and option D for dual-color recording. Option A, a low-frequency (4-or 10-min interval) long-term (12-30 min) recording, is performed to examine long-term changes of the amount of AMPA receptor around the PSLM after the LTP induction (Fig. 8) . Option B, high-frequency (10 Hz, 100 ms) continuous recording, allows capture of the detailed process of exocytosis (Fig. 8b,d and supplementary Movie 1). Option C enables counting of the number of exocytoses during a relatively long time period. (a) long-term low-frequency recording (i) Record fluorescence images for 150 ms every 4 or 10 min by using a neutral-density filter (ND 12) to reduce photobleaching of SEP. Capture PSD95-RFP images before SEP imaging recording. In this recording condition, photobleaching is limited and reliable quantification of the signal intensity is possible.  crItIcal step Mechanical drift and defocusing occur during imaging experiments for long-term recording in particular. Correction of the focus is necessary during the recording. An automatic focus-adjusting system is commercially available (Olympus, IX3-ZDC). Drift correction can be performed off-line by using the AutoAlign function of MetaMorph (available from version 7.6.1). Alternatively, drift compensation can also be performed manually by adjusting the position of a fixed point such as a scratch on the glass. (B) short-term high-frequency recording (i) Use an ×1.6 intermediate lens to expand an image on a camera. In this condition, photobleaching is substantial, and the length of recording during which detection of exocytosis is possible is limited to a few minutes (Fig. 8b,d) . Capture PSD95-RFP images before SEP image recording.  crItIcal step An ND filter is not used. Dual-color imaging can also be performed using commercially available systems. There are two-channel simultaneousimaging systems (Photometrics, DV2 or DC2) or a shutter system (Vincent Associates, LS6T2), similar to our custom-made system. The former system allows faster recording (>10 Hz), although an adequate recording frequency depends on the properties of a CCD camera and on the fluorescence intensity of a preparation. ! cautIon Each color has a different refractive index. Thus, it is impossible to perfectly adjust the focus for two colors simultaneously. We adjust the focus so that the more important signal is recorded better in dual-color imaging 28 . 57| Low-and high-pass-filter the background-subtracted PSD95-RFP image by using functions of MetaMorph. Apply the 'Lowpass' function (filter width, 2 pixels; filter height, 2 pixels) and then the 'sharpen' function of the Basic Filters (filter level is set low).
58| Select areas having >25% of the maximum PSD95-RFP signal intensity in each image by using the 'Binary Operations' function.
59| Select the PSD95-labeled areas ranging from 0.077 to 0.38 µm 2 (3-15 pixels), corresponding to a normal size of PSD 1 .
As shown in Figure 8 , most PSD95 areas are small puncta, and the average size of the selected PSD95-labeled area is 0.22 µm 2 . Manually mark the selected area and the surrounding vicinities (two additional pixels corresponding to 320 nm). We assume that these areas are PSLMs. We find that the percentage of PSLMs among PSD95-positive puncta in a focus plane of an ×100 lens is 92.0 ± 3.29% (Fig. 5) . In contrast, few PSD95 signals are observed without NRX coating. Other dendritic areas without PSD95-RFP signals are defined as non-PSLM. ! cautIon We have analyzed the PSLM located in dendrites, because most glutamatergic synapses are formed on both shafts and spines of dendrites (Fig. 4c) . We also think that most of the glutamate released from presynaptic terminals by electrical stimulation might not reach the PSLM under the cell body.
60| Analysis of the SEP signal.
In an SEP image, subtract the background signal from the original image in the same way as described above.
61| In a long-term recording (if option A at
Step 55 was used), quantify the SEP signal changes in each PSLM and non-PSLM area by using the Graph Intensities function. Analyze 20-110 PSLMs in each recording. In a short-term recording (if option B at
Step 55 was used), identify GluA1-SEP exocytosis events by using the following criteria: the fluorescence signal intensity reaches a peak within 0.5 s; the signal increase is >4 times the background fluorescence; and the signal decay continues for >0.5 s to exclude shot noise. In intermediate (option C) or dual-color recordings (option D), a sudden increase of GluA1-SEP fluorescence that continues for >10 s is regarded as an exocytosis event.
? trouBlesHootInG Troubleshooting advice can be found in table 1.
• tIMInG 
antIcIpateD results
The live-cell imaging protocol described above allows the visualization of changes of membrane proteins around PSLM with a high signal-to-noise ratio. As an example, Figure 8a shows a recording of long-term changes of the intensity of GluA1-SEP signals (green). After the electrical field stimulation, the signal increased in both PSLM (arrows) and non-PSLM (arrowheads). An example of high-frequency short-term recording is presented in Figure 8b and supplementary Movie 1 (same data). Here, a 10-Hz continuous recording of the GluA1-SEP signal revealed direct exocytosis of GluA1-SEP in PSLM. 
